Ϫ/Ϫ , but not in mice lacking the other Robo or Slit genes. Using layer-specific markers, we found that both early-and late-born pyramidal neuron populations were significantly increased in the cortices of Robo1 Ϫ/Ϫ mice at the end of corticogenesis (E18.5). The excess number of cortical pyramidal neurons generated prenatally appears to die in early postnatal life. The observed increase in pyramidal neurons was due to prolonged proliferative activity of their progenitors and not due to changes in cell cycle events. This finding, confirmed by in utero electroporation with Robo1 short hairpin RNA (shRNA) or control constructs into progenitors along the ventricular zone as well as in dissociated cortical cell cultures, points to a novel role for Robo1 in regulating the proliferation and generation of pyramidal neurons.
Introduction
The formation of the mammalian neocortex requires the timely production of its constituent pyramidal neurons and interneurons, and their migration to appropriate layers. Pyramidal neurons are generated by radial glial (RG) cells (or apical progenitors), present in the proliferative ventricular zone (VZ) and by intermediate progenitor cells (IPCs; basal progenitors) found predominantly in the subventricular zone (SVZ; (Kriegstein and Alvarez-Buylla, 2009 ). Throughout corticogenesis, RG cells undergo stereotypical patterns of symmetric and asymmetric divisions, continually generating diverse subtypes of neurons while maintaining a pool of progenitor cells (Miyata et al., 2004; Noctor et al., 2004) . Basal progenitors arise in the ventricular surface and migrate to the upper part of the VZ to create the SVZ. Unlike their RG counterparts, they divide symmetrically to produce two pyramidal neurons or two additional IPCs.
The molecular mechanisms that govern cortical neuronal production and migration have recently been the focus of intense research, as defects in these processes can lead to neurological and psychiatric disorders (Bielas and Gleeson, 2004; Gressens, 2005; Guerrini and Filippi, 2005) . Numerous chemotropic factors present in the developing forebrain play important roles in the orchestration of neurogenesis and migration. One such factor is Roundabout (Robo), first identified as a receptor for the chemorepulsive ligand Slit in Drosophila (Kidd et al., 1998) . In the mammalian forebrain, it has been established that Slit-Robo signaling plays key roles in axonal pathfinding (Bagri et al., 2002; Ló pez-Bendito et al., 2007) . Other studies have shown that inhibition of Robo1-mediated signaling alters the proliferation and migration of neocortical interneurons (Andrews et al., 2006; Hernández-Miranda et al., 2011) , and more recently, Robo4 and Robo1 receptors have been shown to play crucial roles in the radial migration of pyramidal neurons (Zheng et al., 2012; Gonda et al., 2013) . These findings support the notion that Robo receptors function beyond axonal pathfinding in the developing neocortex.
Here, we investigated the functional roles of Robo and Slit genes in the generation and disposition of pyramidal neurons.
We first established expression of Robo1 and Slit genes (Slit1, Slit2) in cells lining the telencephalic ventricles. We, then, discovered significant increases in both apical and basal progenitor cells at E12.5 and E14.5 in the developing cortex of Robo1 Ϫ/Ϫ , Slit1 Ϫ/Ϫ and Slit1 Ϫ/Ϫ /Slit2 Ϫ/Ϫ mice, but not in those lacking the other Robo or Slit genes. Further, analysis of Robo1 Ϫ/Ϫ / Robo2 Ϫ/Ϫ double mutants indicated that Robo2 is unlikely to be involved in these proliferative events. These results are in contrast to the recently reported decrease in proliferating apical progenitors and the abnormal increase in basal progenitors in Robo1
Ϫ/Ϫ mice at the onset of corticogenesis, with the phenotypic changes due to loss of Robo2 (Borrell et al., 2012) .
Using layer-specific markers, we found that both early-and late-born pyramidal neuron populations were significantly increased in the cortices of Robo1 Ϫ/Ϫ mice at the end of corticogenesis. The observed increase in pyramidal neurons was likely due to prolonged proliferative activity of progenitors, and not due to changes in their cell cycle parameters. This finding, confirmed by in utero electroporation with Robo1 shRNA or control constructs into progenitor cells along the VZ as well as in dissociated cortical cell cultures, points to a novel role for Robo1 in regulating the proliferation and generation of pyramidal neurons. Microarray analysis revealed that the observed changes in the generation of pyramidal neurons resulting from deletion of Robo1 are accompanied by the differential expression of a number of proliferation and apoptotic genes. The excess number of pyramidal neurons generated prenatally appears to die in early postnatal life, but the lamination of the cortex is altered, especially in the upper layers.
Materials and Methods
Transgenic mice. All experimental procedures were performed in accordance with the UK Animals (Scientific Procedures) Act, 1986 and institutional guidelines. Wild-type C57BL/6J mice were obtained from Charles River, and time-mated Sprague-Dawley albino rats were provided by UCL Biological Services. Transgenic mouse lines used in this study included Robo1 ϩ/ Ϫ , Robo2 ϩ/ Ϫ (Lu et al., 2007) , Robo3 ϩ/ Ϫ , Robo1 ϩ/ Ϫ ;Robo2 ϩ/ Ϫ (Long et al., 2004) , Slit1 ϩ/ Ϫ (Plump et al., 2002) , Slit2 ϩ/ Ϫ (Plump et al., 2002) , and Slit3 ϩ/ Ϫ (Yuan et al., 2003) . All mouse strains were maintained on the C57BL/6J background, with the exception of Slit3 transgenic mice which had a mixed genetic background. The day the vaginal plug was found was considered as embryonic day (E)0.5. Animals of both sexes were used in our experiments.
In situ hybridization and immunohistochemistry. Probes and protocols for the nonradioactive in situ hybridization and immunohistochemistry methods were described previously (Moorman et al., 2001; Mommersteeg et al., 2013) . Briefly, embryos were fixed overnight in 4% paraformaldehyde made in phosphate buffer saline (PFA), embedded in paraffin, and sectioned at 7-10 m for immunohistochemistry or 12 m for in situ hybridization. Sections were immunostained using one of the following antibodies: mouse monoclonal anti-BrdU (1:200, ProGen), mouse monoclonal anti-Iba1 (1:200, Abcam), rat monoclonal anti-Ctip2 (1:500, Abcam), goat polyclonal raised against Robo1 (1:250, BD Biosciences), Robo2 (1:250, BD Biosciences), or Robo3 (1:250, BD Biosciences), chicken polyclonal raised against GFP (1:500, Aves Laboratories), rabbit polyclonal raised against Cux1 (1:100, Santa Cruz Biotechnology), phosphohistone H-3 (PH-3; 1:1000, Millipore), (1:1000, Novocastra), Tbr2 (1:2000, gift from Professor R. Hevner, Seattle Children's Research Institute, Seattle, WA; 1:300, Millipore) or cleaved caspase-3 (CC3; 1:250, Cell Signaling Technology). After incubation in primary antibodies, sections were washed in PBS, incubated in biotinylated antispecies (1:250; Vector Laboratories) for 2 h, and processed using conventional immunohistochemistry protocols described previously (Andrews et al., 2006) . Fluorescent secondary antibodies used were AlexaFluor 568 donkey anti-goat, 488 and 568 goat anti-rabbit, and 488 goat anti-mouse (1:250, Invitrogen), biotinylated horse anti-goat and goat anti-rabbit (1:250, Vector Laboratories). Nuclei were counterstained with 4Ј, 6-diamidino-2-phenylindole (DAPI; 2.5 g/ml, Sigma-Aldrich).
Quantification of PH-3-positive cells. All PH-3-positive cells present in embryonic coronal sections, along the entire VZ/SVZ, from the corticostriatal junction to the cortical hem (CH), and throughout the rostralcaudal extent of the cortex were included in all measurements (minimum of 8 sections from each of 4 animals for each condition). The extent of the layers was determined by methyl green counterstaining (Vector Laboratories). Quantification of apical progenitors lining the VZ was presented as PH-3-labeled cells per mm. Basal progenitors in the SVZ were presented as PH-3-labeled cells per 10 4 m 2 . Basal progenitors here were defined as any cell more than three cells width away from ventricle surface.
Quantification of pyramidal neurons. Pyramidal neurons were counted in coronal strips (400 m wide) spanning the thickness of the middle (along the rostrocaudal axis) regions of the cortex at E18.5 (minimum of 8 sections from each of 3 animals for each condition). Strips were divided into the different layers of the developing cortex: VZ, SVZ, intermediate zone (IZ), subplate (SP), and cortical plate (CP) for the purpose of accurately quantifying pyramidal neuron numbers and distribution as labeled with Emx-1, Ctip2, or Cux-1. The extent of the layers was determined by methyl green counterstaining.
Dissociated cortical cell cultures. Dissociated cell cultures were prepared from either E13.5 mouse or E15.5 Sprague-Dawley albino rat brains as described previously . Briefly, cortices were dissected out in cold artificial CSF (ACSF) under a stereo microscope. They were incubated in trypsinization medium [0.05% trypsin (SigmaAldrich) with 100 g/ml DNaseI (Roche) in neurobasal medium (Invitrogen)] for 15 min at 37°C. Trypsinization was quenched with neutralization medium (10% of FBS, Invitrogen, in neurobasal medium) for 5 min at 37°C. Cortices were then triturated by pipetting until no cellular aggregates were visible. The homogenous cell suspensions were subsequently pelleted by centrifugation at 1000 ϫ g for 3 min. Cells were resuspended in dissociated culture medium [neurobasal media containing 10% of FBS and N2 supplement (Invitrogen), 100 g/ml penicillin/ streptomycin (Invitrogen), and 2 mM L-glutamine (Invitrogen)] and 1,000,000 cells were seeded on to 13 mm coverslips coated previously with 10 g/ml poly-L-lysine and 10 g/ml laminin and incubated in a the humidified incubator at 37°C. The next day, the culture medium was changed and the cell cultures were used for proliferation assays (see below).
Proliferation rate. The rate of cell proliferation was established using tissue taken from Robo1 ϩ/ϩ and Robo1 Ϫ/Ϫ embryos. Specifically, we determined the proportion of cells that incorporated bromodeoxyuridine (BrdU) after either a 2 h exposure, a period long enough to label as many cells as possible in S-phase without allowing them to enter mitosis, or a 24 h exposure to assess the number of cells that have left S-phase . In these experiments, sections through the cortex were immunostained for BrdU and Ki67, and the number of doublepositive cells was determined in an area measuring 10 4 m 2 , encompassing the VZ and SVZ.
In dissociated cortical cell cultures, 10 mM BrdU was added to the medium for either 2 or 24 h after which, cells were washed, fixed with 4% PFA, immunostained for BrdU and Tbr2 or Pax6 to identify different progenitor types. The percentage of cells immunoreactive for BrdU and Tbr2 or Pax6 was counted using a ϫ40 objective lens in nine fields of view for each coverslip. We evaluated at least three coverslips from each animal for each time point and treatment, and significance was established using one-way ANOVA.
To determine the effect of Slit, Robo1, and Nrp1 on proliferation, we prepared E15.5 rat and E13.5 Robo1 ϩ/ϩ and Robo1 Ϫ/Ϫ cortical cell cultures. These were incubated overnight in the presence or absence of 1 g/ml (final concentration) Slit1, Slit2, Slit1/Slit2, Robo1-Fc, or Nrp1-Fc (R&D Systems). Cells were washed and fixed with PFA, immunostained for BrdU and Tbr2 or Pax6, and counterstained with DAPI. Cell counts were made with a ϫ40 objective in nine fields-of-view for each sample performed in quadruplicate.
Apoptosis and microglia labeling. Sections taken through the brains of
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ϩ/ϩ and Robo1 Ϫ/Ϫ embryos at E12.5-E18.5, or mice at postnatal (P) days P8 and P21 were immunostained for CC3 and microglia marker Iba1. The number of labeled cells was counted in an area measuring 4 ϫ 10 4 m 2 , encompassing VZ and SVZ, and assessed for differences. Plasmid construction. For plasmid-based RNA inhibition of Robo1, the complementary oligonucleotides for the following target sequences (Robo1-shRNA1: 5Ј-ACTCAAACCTAACGCCATTTA-3Ј; Mt-Robo1-shRNA:5Ј-ACTCAAACCATTCGCCATTTA-3Ј) were annealed and inserted into the BamHI/HindIII sites of pSilencer 3.0-H1 (Ambion) as described previously (Gonda et al., 2013) .
In utero electroporation. In utero electroporation was performed as previously described (Gonda et al., 2013) . Briefly, E12.5 timed-pregnant ICR mice were deeply anesthetized with sodium pentobarbitone (somnopentyl; Kyoritsu Pharmaceuticals), and their uterine horns exposed. Approximately 1-2 l of plasmid DNA solution, dissolved to a final concentration of 5 mg/ml in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-buffered saline, was injected into a lateral ventricle of each embryo with a glass micropipette, using electric pulses (30 V, 50 ms) that were discharged four times at intervals of 950 ms with an electroporator (CUY21E; Nepa Gene). The uterine horns were then replaced in the abdominal cavity to allow the embryos to continue normal development until E14.5. To assess proliferation in these mice, BrdU was administered through intraperitoneal injections 2 h before kill.
Laser Research (UCL Genomics) for cDNA production, hybridization and scanning. The quality of the RNA was assessed using an Agilent bioanalyzer nanochip. All RNA had 18S and 28S ribosomal RNA bands. RNA (100 ng per chip) was converted to single-strand, sense-strand cDNA using the Affymetrix Sense target labeling protocol and the Mouse Gene 1.0ST Array kit. After fragmenting and end labeling, the cDNA were hybridized to Mouse Gene Gene-1_0-st-v1 Array's (Affymetrix) for 16 h at 45°C according to the manufacturer's instructions. The arrays were then washed and stained on the Fluidics station 450 using the hybridization, wash and stain kits and scanned on the GeneChip Scanner 3000. Analyses of microarray data were performed using the Genespring GX software package (Agilent Technologies).
The p values were corrected for multiple testing using the Benjamini-Hochberg correction and a corrected p value threshold of 0.05, together with a fold cutoff of Ͼ2 was used to select differentially expressed genes.
qPCR validation. For validation of the differentially expressed genes, quantitative PCR (qPCR) was performed. E12.5 and E14.5 Robo1 ϩ/ϩ and Robo1 Ϫ/Ϫ (n ϭ 3, both groups) mouse embryos were dissected and RNA extraction were performed as described above. For qPCR analysis, whole cortex was used, as opposed to the microarray analysis, where VZ and SVZ were dissected using LCM. RNA was treated with DNaseI (amplification grade; Invitrogen) to remove any remaining trace amounts of DNA. cDNA was generated with 450 ng of RNA by use of the Qiagen Whole Transcriptome Amplification Kit as described in the manufacturer's protocol. Primers for qPCR were designed using the Harvard Medical School Primer bank web facility (): Bcl2 (forward: GTCGC-TACCGTCGTGACTTC; reverse: CAGACATGCACCTACCCAGC), Casp2 (forward: TACTCCCACCGTTGAGCTGT; reverse: CCGTAG-CATCTGTGGATAGGC), Casp8 (forward: TGCTTGGACTACATCCCA-CAC; reverse: TGCAGTCTAGGAAGTTGACCA), Gapdh (forward: ATGACATCAAGAAGGTGGTG; reverse: CATACCAGGAAATGAG A, I, In the dorsal forebrain, strong Slit1 mRNA expression can be seen along the PPL at E12.5 and in the CP at E14.5, while considerably weaker expression is present in the VZ at both ages. In the ventral forebrain, strong expression is predominantly localized in the MGE, LGE, POA, and Sp. B, J, Slit2 mRNA is restricted mainly in the POA and ChP at E12.5, whereas at E14.5 is strongly expressed in the CH and weakly in the VZ of the cortex, MGE, and LGE. C, K, At E12.5, Robo1 mRNA is expressed strongly in the PPL and weakly in the VZ of the dorsal telencephalon. In the ventral telencephalon, it is localized predominantly in the MGE and LGE. This pattern is maintained at E14.5, with additional strong expression in the CP. D, L, Robo2 mRNA is abundantly expressed in the PPL, but absent from the proliferative zones of the cortex. E, F, M, N, Immunohistochemistry for TauGFP-labeling in Slit1 ϩ/Ϫ (E, M ) and Slit2 ϩ/Ϫ (F, N ) mice show GFP protein expression in the forebrain, in a pattern similar to that of Slit1 and Slit2 mRNA. I, M (arrows) and J, N (insets) point to Slit-expressing cortical vasculature. Protein expression patterns for Robo1 (G, O) and Robo2 (H, P) mirror mRNA expression. ChP, Choroid plexus; LV, lateral ventricle; Sp, septum; Str, striatum. CTTG), Hey1 (forward: GCGCGGACGAGAATGGAAA; reverse: TCAG-GTGATCCACAGTCATCTG), Itga6 (forward: TGCAGAGGGCGAACA-GAAC; reverse: GCACACGTCACCACTTTGC), Itga9 (forward: AAGTGTCGTGTCCATACCAAC; reverse: GGTCTGCTTCGTAG-TAGATGTTC), Ki67 (forward: ATCATTGACCGCTCCTTTAGGT; reverse: GCTCGCCTTGATGGTTCCT), Nfyc (forward: GAAGCGCA TGTCGAAAGAAGA; reverse: GGCGGAGGCAGTCAATTCTC), Notch2 (forward: GAGAAAAACCGCTGTCAGAATGG; reverse: GGTGGAG-TATTGGCAGTCCTC), Pax6 (forward: TACCAGTGTCTACCAGC-CAAT; reverse TGCACGAGTATGAGGAGGTCT), Ppia (forward: GAGCTGTTTGCAGACAAAGTTC; reverse: CCCTGGCACATGAATC-CTGG), Rb1cc1 (forward: GACACTGAGCTAACTGTGCAA; reverse: GCGCTGTAAGTACACACTCTTC), Robo1 (forward: GAGCCTGCT-CACTTTTACCTC; reverse: GGTCTGAAGGGTGTTCAACAAT), TGF␤2 (forward: CTTCGACGTGACAGACGCT; reverse: GCAGGGGCAGTG-TAAACTTATT), Top2a (forward: CAACTGGAACATATACTGCTCCG; reverse: GGGTCCCTTTGTTTGTTATCAGC), Tpx2 (forward: GATGC-CCCCACCGACTTTATC; reverse: CTTGTTCTCCAAGTTGGCCTT), and Zfp423 (forward: TGGCCTGGGATTCCTCTGT; reverse: CTCTT-GACTTGTCACGCTGTT). The qPCR was performed with SYBR Green reagent on a Chromo4 PTC-200 Real-Time PCR Detector system (BioRad). PCR conditions were 94°C for 2 min, followed by 40 three-step cycles of 94°C for 15 s, 60°C for 30 s, and 72°C for 30 s. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and peptidylprolylisomerase A (Ppia) were used for endogenous reference gene controls. Each primer set amplified a single PCR product of predicted size as determined by melt-curve analysis following PCR and by agarose gel electrophoresis, and had approximately equal amplification efficiencies when validated with a serial dilution of representative cDNA. Each qPCR was performed in triplicate, and relative quantification was determined according to the ⌬⌬C(t) method (Livak and Schmittgen, 2001; Faux et al., 2010) .
Digital image acquisition and processing. Optical and fluorescent images were collected using a Leica Microsystems light microscope (DM5000B). Images were reconstructed and digitized with Photoshop CS4 software (Adobe Systems).
Statistics. Statistical analyses were performed by GraphPad 3 (GraphPad Software). All data are reported as mean number and SEM. The statistical significance between group means was tested by one-way ANOVA, followed by Bonferroni's post hoc test (for multiplecomparison tests). Significance was set at p Յ 0.05.
Results
Expression of Slit-Robo in the proliferative zones of the telencephalon
The expression of Slit and Robo families of genes have been extensively studied in the rat forebrain Whitford et al., 2002; Camurri et al., 2004; Zheng et al., 2012) , but although some members have been shown to be expressed in the developing mouse forebrain (Bagri et al., 2002; Andrews et al., 2008; Barber et al., 2009 ), detailed information is lacking. Here, we performed a comprehensive expression study of Slit (Slit1-3) and Robo (Robo1-3) mRNAs during early (E12.5) and middle (E14.5) stages of embryonic development, as the role of Robo4 in the development of cortical pyramidal neurons has recently been reported (Zheng et al., 2012) .
During early development (E12.5) of the ventral telencephalon, Slit1 was strongly expressed in the mantle zones of the medial ganglionic eminence (MGE) and lateral ganglionic eminence (LGE), and in the preoptic area (POA); whereas Slit2 was present in the MGE and POA ( Fig. 1 A, B) ; and Slit3 was absent from both the ventral and dorsal telencephalon (data not shown). In the dorsal telencephalon, Slit1 exhibited strong expression along the preplate layer (PPL) and weak expression in the VZ, whereas Slit2 only showed weak expression in medial VZ ( Fig.  1 A, B) . The punctate appearance of Slit1 and Slit2 in the forebrain suggested either cellular localization or expression along cerebral vasculature.
Labeling for the tau-GFP fusion protein in Slit1 ϩ/Ϫ and Slit2 ϩ/Ϫ mice allowed us to visualize in greater detail the cellular elements that express Slit1 or Slit2 in the murine forebrain ( Fig.  1 E, F ) . Thus, GFP immunohistochemical analysis of Slit1 ϩ/Ϫ mice at E12.5 ( Fig. 1E) showed comparable expression to Slit1 mRNA, with strong staining in the PPL and POA ( Fig. 1 A, 
E). Similar analysis in Slit2
ϩ/Ϫ mice at E12.5 revealed robust staining in the choroid plexus and septum (Fig. 1F ) . GFP ϩ cells were also noted in the cortical VZ and SVZ and in the cerebral vasculature of both groups of mice ( Fig. 1 E, F ) , confirming recent evidence which points to a role for Slit2 in blood vessel formation (Han and Geng, 2011).
Robo1 and Robo2 mRNA localization was prominent in the ventral telencephalon, as previously described (Bagri et al., 2002). However, contrary to earlier reports, we observed low levels of Robo1 mRNA along the ventricular surfaces of the dorsal and ventral telencephalon (Fig. 1C) , which was confirmed with Robo1 immunohistochemistry (Fig. 1G , Fig. 2A-F ) , suggesting a potential role for this receptor in regulating the proliferative activity of progenitor cells at this early stage of forebrain development. Robo2 mRNA was expressed abundantly laterally in the forebrain, occupying the mantle zones of the ventral telencephalon in a similar pattern to that of Robo1 (Fig. 1D ). At the corticostriatal junction, Robo2 expression formed a decreasing gradient as it extended dorsally along the PPL, and appeared nearly absent in the CH (Fig. 1D ). Robo3 mRNA was expressed weakly in the POA, LGE, and sparsely distributed throughout the dorsal telencephalon including the CH (data not shown). Neither Robo2 nor Robo3 mRNA or proteins were observed in the proliferative zones of the cortex (Fig. 1 D, H ; data not shown for Robo3).
At midembryonic stage (E14.5), Slit1 mRNA expression appeared more robust in the entire forebrain and formed distinct patterns in the VZ, SVZ, and CP, dorsally, and in the entire MGE and LGE, ventrally (Fig. 1I ). Slit2 mRNA expression appeared sparse in the VZ and SVZ of the cortex, LGE, and MGE ( Fig. 1J ), but strong levels were evident in the septum, POA, and CH (Fig.  1J ). Unlike Slit1, Slit2 mRNA was absent from the CP (Fig. 1 I, J ) . Both Slit1 and Slit2 mRNA appeared to be expressed in the vasculature ( Fig. 1 I, J, arrows) . Last, Slit3 mRNA showed scant expression and was largely absent from the proliferative zones dorsally and ventrally (data not shown).
GFP immunohistochemical analysis of Slit1
ϩ/Ϫ mice at E14.5 ( Fig. 1M ) showed comparable expression to Slit1 mRNA (Fig. 1I ). Similar analysis in Slit2 ϩ/Ϫ mice at the same age revealed a thin, but distinct, band at the level of the SP (Fig. 1N ) . GFP ϩ cells were also noted in the cortical VZ and SVZ of both groups of mice and in the cerebral vasculature ( Fig. 1 M, N ), in agreement with the mRNA expression patterns of Slit1 and Slit2.
Robo1 expression in the dorsal telencephalon at E14.5 was particularly robust in the CP and less so in the VZ/SVZ (Fig.  1K ). Robo2 mRNA in the developing cortex was restricted to the lower region of the CP and the entire IZ (Fig. 1L ). In the ventral telencephalon, Robo1 and Robo2 displayed equally strong expression patterns in the LGE and MGE ( Fig. 1 K, L) . Robo3 mRNA expression was significantly down-regulated by E14.5, being only weakly expressed in the CP, in agreement with previous findings (Camurri et al., 2005; Barber et al., 2009) , and totally absent by E16.5 (data not shown). Immunohistochemistry for Robo1 and Robo2 proteins generally confirmed the mRNA expression patterns in the dorsal telencephalon ( Fig. 1O,P) . Together, our expression patterns of Robo and Slit genes in the developing cortex show that Robo1 as well as Slit1 and Slit2 are expressed, among other areas, in the proliferative zones during early-and mid-phases of corticogenesis, suggesting that they may play a role in the generation of pyramidal neurons.
Robo1
؊/؊ mice display an increase in progenitors in the developing cortex We have previously demonstrated a role for Robo1 in cortical interneuron generation and migration (Andrews et al., 2006; Hernández-Miranda et al., 2011) . The observed expression of Robo1 mRNA and protein in the VZ of the developing cortex suggested that it might also play a role in the generation of pyramidal neurons. To assess this possibility, we first colabeled sections for PH-3, a marker of mitotically active cells, and Robo1 at E12.5 (Fig. 2) . These sections showed the majority of PH-3-positive (PH-3 ϩ ) cells lined the ventricular wall (presumptive apical progenitors), and nearly all expressed Robo1 (Fig. 2 F, arrows) . At E14.5 we observed similar colabeling for Robo1 protein and PH-3 in Robo1 ϩ/ϩ animals ( Fig. 2G ), but no staining for Robo1 in the cortices of Robo1 Ϫ/Ϫ littermates (Fig. 2H ) , thus confirming the specificity of our Robo1 antibody. We then quantified the number of PH-3 ϩ cells in the cortices of Robo1 ϩ/ϩ and Robo1 Ϫ/Ϫ mice at E12.5, E14.5 (Fig. 3G) , and E16.5 (data not shown). Specifically, we counted the number of PH-3 ϩ apical progenitors that line the ventricular surface, and basal progenitors situated away from the ventricular surface, both of which give rise to pyramidal neurons (Miyata et al., 2004; Noctor et al., 2004) .We performed similar counts in the proliferative zones of the GEs. At E12.5, we observed a significant increase in the number of PH-3 ϩ apical progenitor cells in the cortex (Robo1
28.82 Ϯ (Fig. 3G) . Interestingly, there was no significant increase in either apical or basal progenitor pools (cortex, LGE, MGE) in Robo1 Ϫ/Ϫ mice compared with wild-type littermates at later stages of forebrain development (E16.5). This coincided with the observed decrease in Robo1 expression in the proliferative zones at this age (data not shown).
Although we failed to detect expression of either Robo2 or Robo3 receptor in the proliferative zones of the cortex, we cannot exclude that they are expressed at very low levels and that, like Robo1, they may play a role in the proliferation of pyramidal cell progenitors. However, PH-3 ϩ cell counts in the proliferative zones of the cortices of Robo2 Ϫ/Ϫ and Robo3 Ϫ/Ϫ mice at E12.5 did not reveal significant changes in proliferation of either apical (n ϭ 3 for each genotype; Robo2 Fig. 3 H, I ). Similarly, at E14.5, Robo2 Ϫ/Ϫ mice did not display any significant changes in apical (Robo2 Ϫ/Ϫ 47.14 Ϯ 1.45; Robo2 ϩ/ϩ 43.82 Ϯ 1.30; p Ͻ 0.07) or basal (Robo2 Ϫ/Ϫ 3.86 Ϯ 0.22; Robo2 ϩ/ϩ 3.69 Ϯ 0.20; p Ͻ 0.60) progenitor cells (Fig. 3H ) . The reduction in Robo3 mRNA expression between early and middle stages of corticogenesis suggested that Robo3 does not play an active role in regulating cell proliferation during cortical development. Accordingly, PH-3 ϩ cell counts at E15.5 in Robo3 knock-out mice and wild-type littermates showed no significant differences along the VZ or SVZ (data not shown).
To assess the possibility of receptor redundancy or antagonism, we quantified PH-3-labeling in Robo1
double-knock-out mice at E12.5 and E15.5 (Fig. 4A,B) . Consistent with our data for Robo1 Ϫ/Ϫ forebrain at E12.5, we observed an increase, albeit statistically insignificant, in basal progenitors in the cortex (n ϭ 3 for each genotype; Robo1 Ϫ/Ϫ /Robo2 
/Robo2
Ϫ/Ϫ mice compared with control littermates. B, At E15.5, no significant increase in either progenitor cell population was observed.C,Similarly,nosignificantincreaseswerefoundinSlitsinglemutants,withtheexceptionofbasal progenitorsinthecorticesofSlit1 Ϫ/Ϫ mice.D,However,inSlit1 Ϫ/Ϫ mice, pointing to the specific requirement for Robo1 and a redundant role for Robo2 in cortical proliferation events. This concurs with our observations in Robo2 Ϫ/Ϫ mice, which indicated no significant differences in PH-3 ϩ cell number compared with controls (Fig. 3H ) .
Increase in cortical progenitors in Slit1
؊/؊ and Slit1 ؊/؊ /Slit2 ؊/؊ double knock-out mice We previously demonstrated weak expression of Slit mRNA in the telencephalon at E12.5, becoming stronger at E14.5, especially in the proliferative zones of the developing dorsal cortex (Fig. 1 A, B, I, J 2.65 Ϯ 0.10; Slit1 ϩ/ϩ /Slit2 ϩ/ϩ 2.32 Ϯ 0.11; p Ͻ 0.04). However, in the cortex, there was an increase only in basal progenitors (n ϭ 3 for each genotype; Slit1
1.49 Ϯ 0.04; p Ͻ 0.002). Thus, it appears that removal of both Slit1 and Slit2 results in a slightly stronger phenotype compared with Slit1 Ϫ/Ϫ mice, which suggests these two ligands are not redundant but, instead, are likely to interact synergistically (Fig. 4C,D) . Also, the E14.5 Slit1 Ϫ/Ϫ / Slit2 Ϫ/Ϫ data are similar to that acquired from Robo1 Ϫ/Ϫ single mutants at this age (Figs. 3G,4D ), which strongly suggests that Slit1 and Slit2, in addition to Robo1, have a function in the regulation of the proliferative activity during the mid-stages of corticogenesis.
Our data support the notion that a Slit-mediated Robo signaling mechanism is involved in proliferation since we observed very similar phenotypes in both Slit and Robo mutants. Given that absence of Slit or Robo leads to increased proliferation, we were interested to know whether the converse was true, i.e., does the addition of Slit or Robo lead to a reduction in proliferation. To test this, we added recombinant Slit1, Slit2, Robo1-Fc, or Neuropilin-Fc (Nrp1), at concentrations which have been shown to affect proliferation of GE cells , to E15.5 rat dissociated cortical cultures overnight. The next day, cultures were pulsed with BrdU for 2 h, fixed, and stained for BrdU and either Tbr2 or Pax6 to assess proliferation in the basal and apical ϩ/ϩ and Robo1 Ϫ/Ϫ mice were incubated overnight in the presence or absence of Slit1/Slit2, and the percentages of proliferating apical (C) and basal (D) progenitors were assessed following a 2 h BrdU pulse. Wild-type cultures showed a significant decrease in proliferation following Slit1/Slit2 treatment. Robo1 Ϫ/Ϫ dissociated cortical cell cultures were unaffected by Slit treatment, but showed increased proliferation compared with wild-type cultures (E); *p Ͻ 0.05, **p Ͻ 0.004, ***p Ͻ 0.0004.
progenitors pools, respectively. Addition of either Slit1 or Slit2 alone, did not have an effect on proliferation of either apical or basal progenitor populations (Fig.  5 A, B) . However, addition of Slit1 and Slit2 together (Slit1/Slit2), and Robo1-Fc resulted in a significant decrease in proliferation of both apical (control: 55.19%Ϯ0.69; Slit1/Slit2: 35.48%Ϯ0.70, p Ͻ 0.005; Robo1-Fc: 40.35%Ϯ0.90; p Ͻ 0.003) and basal (control: 39.15%Ϯ0.49; Slit1/Slit2: 25.16%Ϯ0.50, p Ͻ 0.004; Robo1-Fc: 30.75%Ϯ0.64, p Ͻ 0.003) progenitor pools, whereas addition of Nrp1-Fc had no effect (Fig. 5 A, B) .
To confirm these findings, we tested the effects of exogenous Slit1/Slit2 on proliferation in E13.5 Robo1
Robo1
Ϫ/Ϫ (n ϭ 4) dissociated cortical cell cultures. Thus, addition of Slit1/Slit2 to Robo1 ϩ/ϩ cell cultures overnight caused a significant decrease in proliferation of apical (Robo1 ϩ/ϩ -Slit: Pax6/BrdU 59.19% Ϯ 1.68; ϩSlit 47.42% Ϯ 1.06; p Ͻ 0.04) and basal progenitors (Robo1 ϩ/ϩ -Slit: Tbr2/BrdU 43.03% Ϯ 1.67; ϩSlit 33.21% Ϯ 1.79; p Ͻ 0.04), which is in agreement with our rat cortical cultures of similar age ( Fig. 5C-E (Liu et al., 2004; Camurri et al., 2005) or with other receptors, such as neuropilinplexins (Hernández-Miranda et al., 2011).
Increased proliferation in Robo1
؊/؊ mice alters pyramidal neuron numbers To assess whether the increased number of mitotically active progenitor cells in the cortex of Robo1 Ϫ/Ϫ mice results in an increase in pyramidal neurons, we examined their number and distribution in the CP of Robo1 Ϫ/Ϫ mice and wild-type littermates (n ϭ 3, Robo1 Ϫ/Ϫ ; n ϭ 3, Robo1 ϩ/ϩ ) using the specific pyramidal neuron marker, Emx1 (Chan et al., 2001 We then asked whether lack of Robo1 signaling differentially affected the number and distribution of one or more pyramidal neuron subtypes. According to the "inside-out" pattern of pyramidal neuron generation and cortical layer formation, early-born neurons occupy deeper layers while late-born cells are disposed more superficially (Angevine and Sidman, 1961; Rakic, 1974) . Thus, we assessed the number of Cux1-and Ctip2-positive neurons, which are predominantly located in layers II/III and V/VI of the adult cortex, respectively (Arlotta et al., 2005; Chen et al., 2005; Cubelos et al., 2008 Cubelos et al., , 2010 182.08 Ϯ 4.21; Robo1 ϩ/ϩ 156.00 Ϯ 3.38; p Ͻ 0.0008; Fig. 6 A, B) . When the developing cortex, including the IZ, SVZ, and VZ, was divided into 10 equal bins, we were able to determine that the overall distribution of Cux1-and Ctip2-labeled pyramidal neurons was not altered in the absence of Robo1, despite an increase in the overall numbers of both subtypes (Fig. 6C,D) . The observed increase in the thickness of the CP and the overall higher number of both upper-and lower-layer pyramidal neurons in the cortices of Robo1 knock-out mice at E18.5 contributed to an overall increase in the thickness of the entire cortex. Indeed, measurements in the region of the presumptive somatosensory cortex showed a small, but significant increase at E18.5 (n ϭ 4 for each genotype; Robo1 Ϫ/Ϫ 495.79 m Ϯ 11.73; Robo1 ϩ/ϩ 463.43 m Ϯ 6.28; p Ͻ 0.03).
The robust expression of Robo2 mRNA in the cortex during early and mid-corticogenesis (Fig. 1 D, L) prompted us to examine the number and distribution of pyramidal neurons in Robo2 Ϫ/Ϫ mice. Using Ctip2 and Cux1 to label early-and lateborn neurons, respectively, we did not observe a significant change in either Cux1-(n ϭ 3 for each genotype; Robo2 (Borrell et al., 2012) , Robo2 on its own does not play a role in the generation and disposition of cortical pyramidal neurons.
Cell cycle parameters are not altered in cortical progenitors in Robo1
؊/؊ mice The process of self-renewal and neurogenesis performed by apical and basal progenitors during corticogenesis is tightly regulated. The observed increase in proliferation resulting in larger progenitor populations may be due to shortening of the cell cycle, causing cells to divide more rapidly in the absence of the Robo1 receptor, or to prolonged period of proliferation. To assess the proliferative activity of cortical progenitor cells in Robo1 Ϫ/Ϫ mice and their wild-type littermates at E14.5 (n ϭ 4, Robo1 Ϫ/Ϫ ; n ϭ 4, Robo1 ϩ/ϩ ), animals were pulse-labeled with BrdU, a thymidine analog that becomes incorporated into DNA during S-phase of the cell cycle, for 2 h. Sections were colabeled with Ki67, a marker of proliferating cells from S-phase through M-phase of the cell cycle (Fig. 7 A, Bٞ) . This enabled us to quantify the S-phase fraction, or proliferative activity, determined by dividing the number of BrdU ϩ cells by the number of Ki67 ϩ cells within the proliferative zones (VZ and SVZ) as described by Tanaka et al. (2011) . Further, the same ratio was used to determine the percentage of cells exiting S-phase by pulse-labeling embryos for 24 h at E13.5 and colabeling coronal sections with Ki67.
In the VZ/SVZ zones of the Robo1 Ϫ/Ϫ cortex, we observed significantly more BrdU ϩ cells after 2 h compared with wild-type controls (Robo1 Ϫ/Ϫ 81.83 Ϯ 2.37; Robo1 ϩ/ϩ 75.00 Ϯ 1.77; p Ͻ 0.04; Fig. 7AЉ ,BЉ,C). These animals also showed a significant increase in the number of Ki67 ϩ cells (Robo1 Ϫ/Ϫ 101.00 Ϯ 6.13; Robo1 ϩ/ϩ 84.43 Ϯ 3.39; p Ͻ 0.03; Fig. 7AЈ ,BЈ,C) and in the number of double-positive cells (BrdU ϩ /Ki67 ϩ ; Robo1 Ϫ/Ϫ 79.33 Ϯ 2.84; Robo1 ϩ/ϩ 63.71 Ϯ 3.26; p Ͻ 0.005; Fig. 7C ). However, the ratio of BrdU ϩ /Ki-67 ϩ -positive cells in Robo1 Ϫ/Ϫ cortex was slightly lower, but not significantly different from wild-type littermates (Robo1 Ϫ/Ϫ 0.8255 Ϯ 0.0566; Robo1 ϩ/ϩ 0.8953 Ϯ 0.0349; p Ͻ 0.30) suggesting that, although there is a general increase in the number of dividing cells in Robo1 Ϫ/Ϫ mice, there is no change in the length of the S-phase of the cell cycle (Fig. 7D) .
Our observations at E14. (Fig. 7C) . Using the same ratio to obtain the S-phase fraction after a 2 h BrdU pulse, we were able to calculate the percentage of progenitor cells in the VZ and SVZ exiting from the cell cycle over a 24 h period. Our results indicate that Robo1 Ϫ/Ϫ mice exhibit a slightly higher, albeit insignificant, percentage of progenitors exiting S-phase (Robo1 Ϫ/Ϫ 86.55% Ϯ 3.85; Robo1 ϩ/ϩ 83.20% Ϯ 2.99; p Ͻ 0.50; Fig. 7D ). This is in line with our previous observations, which indicated that there is no significant change in the length of the cell cycle of progenitor cells at E14.5 in the Robo1 Ϫ/Ϫ cortex. Typically, basal progenitors in the dorsal cortex will terminally divide to produce newborn neurons (Haubensak et al., 2004; Noctor et al., 2004; Huttner and Kosodo, 2005) . We have observed a substantial increase in the number of progenitor cells in early (E12.5) and middle (E14.5) stages of corticogenesis. To further reinforce our hypothesis that cortical progenitors in Robo1 Ϫ/Ϫ , but not Robo2 Ϫ/Ϫ knock-out mice, undergo a prolonged period of proliferation compared with wild-type controls independently of altered cell cycle parameters, we performed colabeling experiments for the newborn neuronal marker Tuj1 and Tbr2, which label basal progenitor cells in Robo1 Ϫ/Ϫ , Robo2
and control littermates at E12.5 and E14.5 (Fig. 7E-GЈ Ϫ/Ϫ mice compared with wild-type littermates (Fig.  7 E, EЈ) . However, no difference was observed in either Tbr2
Ϫ/Ϫ mice during early forebrain development (Fig. 7 F, FЈ) . As expected, the increase in basal progenitors and immature neurons persisted at E14.5 in Robo1 Ϫ/Ϫ knock-out mice (Fig. 7G,GЈ) , indicating that progenitor cells continue to proliferate, creating a larger progenitor pool and thus, more neurons in the cortex.
In light of cell cycle parameters playing no or only a marginal role in the increased proliferative activity in Robo1-null mice in early and middle stages of cortical development, we next investigated the role of programmed cell death (PCD) in the formation of cortical pyramidal neurons. Previous studies have linked PCD with a morphogenetic function during the development of the CNS (Thomaidou et al., 1997) . Immunohistochemical staining of the dorsal telencephalon at E12.5-E18.5 for the apoptotic marker CC3 revealed significantly fewer labeled cells in the cortex of Robo1 Ϫ/Ϫ mice compared with wild-type littermates (n ϭ 3 for both groups at all ages) in the early stages of corticogenesis. Thus, at E12.5 (Robo1 17.22 Ϯ 0.14; p Ͻ 0.73,) there were no significant differences between the two groups ( Fig. 8A-F, H ) . Recent work by Cunningham et al. (2013) have provided compelling evidence that microglia play a fundamental role in regulating the size of the progenitor pool in the developing cerebral cortex. Specifically, these authors have demonstrated that the presence of microglia in the cortical proliferative zone results in a reduction in the size of the progenitor cell pool, whereas elimination of microglia has the opposite effect on the number of progenitors. Thus, we examined sections taken from the cortices of Robo1 Ϫ/Ϫ mice and the corresponding controls at E12.5-E18.5 and stained for Iba1, a marker of microglia (n ϭ 3 for both groups at all ages). These sections revealed relatively few microglia before E14.5, making it difficult to quantify accurately (Fig. 8A-F, G) . However, at E14.5 (Robo1 Ϫ/Ϫ 3.05 Ϯ 0.06; Robo1 ϩ/ϩ 4.1 Ϯ 0.09; p Ͻ 0.04) and E15.5 (Robo1 Ϫ/Ϫ 7.71 Ϯ 0.06; Robo1 ϩ/ϩ 27.43 Ϯ 0.27; p Ͻ 0.006), we observed a small, but significant decrease in the number of microglia in the cortex of Robo1 Ϫ/Ϫ mice compared with control littermates, but not at E18.5 (Robo1 Ϫ/Ϫ 28.9 Ϯ 0.44; Robo1 ϩ/ϩ 27.15 Ϯ 0.19; p Ͻ 0.285). Together, these studies demonstrated that the increased presence of progenitor cells in the developing cortex and the generation of higher number of neurons in the absence of Robo1 may be due, at least in part, to a lower incidence of PCD and reduced number of microglia during mid-stages of corticogenesis.
The effect of Robo1 on proliferation is cell autonomous
To determine whether the effect of loss of Robo1 function on proliferation is cell autonomous, we introduced Robo1 small hairpin RNA (shRNA) by in utero electroporation into cells along the VZ at E12.5 and killed the dam 48 h later (Gonda et al., 2013) . To assess proliferation, BrdU was administered 2 h before kill. We speculate that Robo1 knockdown progenitor cells in the cortex could continue to proliferate longer than control progenitors, thus remaining in the VZ and SVZ and ultimately giving rise to a greater number of pyramidal neurons. To test this hypothesis, we quantified the number of electroporated cells (GFP ϩ ), which were also BrdU ϩ (GFP ϩ /BrdU ϩ ) within the VZ/SVZ (Fig. 9A-C) . To further assess their position within the VZ/SVZ, we divided the proliferative zone of the dorsal cortex into three 50-m-thick bins, each spanning 200 m (Fig. 9AЈ,BЈ) . We found significantly more Robo1 knockdown cells colabeled with BrdU in Bin 1 (n ϭ 3 for each construct; Robo1shRNA: 4.78 Ϯ 0.54; control shRNA: 2.16 Ϯ 0.16; p Ͻ 0.002) and Bin 2 (Robo1shRNA: 5.22 Ϯ 0.36; control shRNA: 3.50 Ϯ 0.01; p Ͻ 0.01), and fewer in the third bin (Robo1shRNA: 3.22 Ϯ 0.40; control shRNA: 5.00 Ϯ 0.03; p Ͻ 0.01) compared with control knockdown cells (Fig. 9C ). This suggests that progenitor cells that lack the Robo1 receptor continue to proliferate for a longer period in the lower part of the VZ/SVZ than progenitor cells electroporated with the control construct.
Similar results were obtained in dissociated cortical cell cultures of Robo1 Ϫ/Ϫ and wild-type littermates at E14.5 (n ϭ 4, Robo1 Ϫ/Ϫ ; n ϭ 4, Robo1 ϩ/ϩ ). These cultures were pulsed with BrdU for 2 h before labeling for apical (Pax6 ϩ ) and basal (Tbr2 ϩ ) progenitor cell markers. After quantifying the percentage of Pax6 ϩ and Tbr2 ϩ cells colabeled with BrdU, we found an increase in the number of BrdU-positive apical (Pax6 ϩ ; Robo1 Ϫ/Ϫ 61.97% Ϯ 0.09; Robo1 ϩ/ϩ 49.00% Ϯ 0.16; p Ͻ 0.005) and basal progenitors (Tbr2 ϩ ; Robo1 Ϫ/Ϫ 35.54% Ϯ 0.08; Robo1 ϩ/ϩ 23.64% Ϯ 0.28; p Ͻ 0.03) compared with control cultures. In experiments performed in dissociated cortical cell cultures from Robo2 Ϫ/Ϫ and wild-type littermates at E14.5 (n ϭ 5, Robo2 Ϫ/Ϫ ; n ϭ 3, Robo2 ϩ/ϩ ), we found no significant differences in the number of BrdU-positive apical (Robo2 Ϫ/Ϫ 57.98% Ϯ 0.83; Robo2 ϩ/ϩ 53.63% Ϯ 0.63; p Ͻ 0.089) or basal progenitors (Robo2 Ϫ/Ϫ 39.21% Ϯ 0.74; Robo2 ϩ/ϩ 37.93% Ϯ 0.54; p Ͻ 0.527) compared with control cultures. These results further suggest a cell-autonomous role for Robo1, and not Robo2, in regulating the proliferative activity of progenitor cells in the cortical VZ and SVZ.
Postnatal ages
A recent study by Gonda et al. (2013) reported a reduction in cortical thickness, especially of layers II/III, but no alterations in the number of Cux1-positive cells in the cortices of adult Robo1 Ϫ/Ϫ mice compared with controls. This phenotype differs from our findings at the end of corticogenesis (E18.5), which included significantly increased cortical thickness and markedly increased number of pyramidal neurons of both upper (Cux1 ϩ ) and lower layers (Citip2 ϩ ). This would suggest that significant alterations take place postnatally in both the number and disposition of pyramidal neurons in Robo1 Ϫ/Ϫ mice compared with controls.
We first set out to confirm the observations of Gonda et al. (2013) Ϫ/Ϫ 53.00 Ϯ 2.46; Robo1 ϩ/ϩ 28.00 Ϯ 2.01; p Ͻ 0.0002), suggesting that increased cell death contributes, at least in part, to the reduction in the number of pyramidal neurons and decrease in cortical thickness, especially of the upper cortical layers, in postnatal life.
Robo1 regulates activity of genes involved in proliferation, apoptosis, and tumorogenesis during development
In an attempt to identify novel downstream signaling cascades for Robo1 to regulate proliferation and apoptosis within the neurogenic zones of the cortex, we performed a microarray analysis of RNA extracted from VZ/SVZ of Robo1 ϩ/ϩ and Robo1 Ϫ/Ϫ littermates (n ϭ 3 for both groups) at E12.5 using laser capture microscope dissection. Our analyses identified 312 genes that were differentially expressed in the cortical proliferative zones, which may have a role in neurogenesis. Genes were selected only if they showed a fold-change Ͼ2, with a corrected p Ͻ 0.05.
Validation by qPCR was performed at E14.5, when the proliferative effect in the absence of Robo1 was the strongest (Table 1 ). In addition to the genes selected from our microarray analysis, we performed qPCR for additional genes known to be involved in proliferation (Ki67, Pax6, Zfp423) and apoptosis (Bcl2, Casp2, Casp8, Top2a, and Tpx2) . QPCR analysis for Ki67 (3.03 Ϯ 1.24), Pax6 (4.95 Ϯ 1.58), and Zfp423 (2.35 Ϯ 0.47) showed positive fold-changes, whereas Bcl2 (Ϫ4.24 Ϯ 1.96), Casp2 (Ϫ3.31 Ϯ 0.06), Casp8 (Ϫ2.18 Ϯ 0.43), Top2a (Ϫ3.50 Ϯ 0.80), and Tpx2 (Ϫ3.19 Ϯ 0.61) revealed negative fold-changes, indicating a general increase in expression of proliferation genes and a concomitant decrease in apoptotic genes. These results corroborated our immunohistochemistry experiments, which showed increased numbers of Ki67 ϩ and Pax6 ϩ cells and reduced numbers of apoptotic (CC-3 ϩ ) cells in the cortex of Robo1 Ϫ/Ϫ mice. Recently, Borrell et al. (2012) demonstrated an association between Robo2 and members of the Notch family of genes. In our microarray analysis, we also observed differential expression of members of this family, including Notch2 and Hey1, which were significantly downregulated in Robo1 Ϫ/Ϫ compared with Robo1 ϩ/ϩ controls. This was confirmed by qPCR at E14.5, which showed negative fold-changes for Notch2 (Ϫ1.38 Ϯ 0.55) and Hey1 (Ϫ4.22 Ϯ 0.06).
In addition, our microarray analysis and qPCR showed that members of the Integrin family of cell-surface proteins, Itga6 and Itga9, were downregulated in Robo1 Ϫ/Ϫ mice at E14.5 (Table 1) . Disruption in the expression and function of these genes has been implicated in the growth and spread of different types of breast cancers (Cariati et al., 2008; Mostovich et al., 2011) . Likewise, Tgf␤2, which has been identified as a key factor in the progression and suppression of malignant gliomas (Hau et al., 2011) , showed a negative fold-change in both microarray analysis and qPCR at E14.5 (Table 1) . This is important not only because it reinforces the importance of Robo1 in governing proliferative activity, but because it suggests that mechanisms involved in cancer growth or suppression may also play a role in proliferation during cortical development.
Discussion
The maintenance of the proportions of pyramidal neurons and interneurons is essential for normal cortical function. Disruption of this delicate ratio may result in wide-ranging neurological and cognitive defects. Thus, the previously reported increase in the number of interneurons in prenatal and postnatal mice lacking Robo1 (Andrews et al., 2006; Hernández-Miranda et al., 2011) disrupts this balance, with hitherto unknown functional and behavioral deficits, and brings into question the role of this receptor in the development of their pyramidal counterparts.
Cortical pyramidal neurons arise from RG cells that line the dorsal aspect of the lateral ventricles. Throughout corticogenesis, these cells migrate radially from the VZ toward the pial surface before taking up positions in the CP in a temporally guided inside-out manner (Rakic, 1990) . There has been considerable interest over the years on the molecular mechanisms that underlie their radial migration (Nadarajah et al., 2001; Marín and Rubenstein, 2003; Jossin, 2004) . However, more recently, attention has shifted to cortical interneurons, and an ever-increasing list of molecules that play important roles in their generation, differentiation, and migration has come to light, including Robo1 (Faux et al., 2010; Hernández-Miranda et al., 2011) . In experiments aimed to understand how mice lacking this receptor show increased number of cortical interneurons, we used proliferation markers and found that this phenotype is, at least in part, due to increased proliferation in the MGE, thus implicating Robo1 in the process of proliferation in the forebrain. Abundant evidence already exists in other systems, which points to a role for Slit-Robo signaling in cell proliferation (Sundaresan et al., 1998; Xian et al., 2001 Xian et al., , 2004 . The aim of the present study was to investigate whether Robo1 is also involved in the proliferation of pyramidal neuron progenitors, as any changes in their generation are likely to have an effect on the laminar and functional organization in the cortex.
We first used in situ hybridization to expand previous studies performed in rat and encompass Robo1/2/3 as well as Slit1/2/3 mRNA expression throughout the developing mouse forebrain. More importantly, these experiments revealed the presence of Robo1 in progenitor cells lining the ventricular surface of the cortex and GEs as early as E12.5. This observation is compatible with the notion that Robo1 influences the proliferative activity of MGE cells that generate cortical interneurons . The presence of Robo1 in RG cells in the ventricular surface of the dorsal telencephalon and the observed increase in PH-3-labeled cells in this zone and in the SVZ at early and middle stages of corticogenesis (E12.5 and E14.5) implicate Robo1 in the generation of cortical pyramidal neurons. Robo1 expression was not detected in the proliferative zones of the developing cortex as corticogenesis progressed through to the later stages. Interestingly, we found that in Robo1 Ϫ/Ϫ /Robo2 Ϫ/Ϫ double-mutants, the increase in basal progenitors at E12.5 was less than in Robo1 Ϫ/Ϫ mice, suggesting that Robo2 did not compensate for the loss of Robo1 signaling and is likely to have a redundant role in cortical proliferation events. This is consistent with our observation that neither Robo2 nor Robo3 were expressed in the proliferative zones at E12.5 or E14.5, nor were there any significant changes in mitotically active cells in Robo2 or Robo3 knock-out mice.
The present findings differ significantly from results of a very similar study on the role of Slit/Robo signaling in progenitor cell proliferation in the developing cortex (Borrell et al., 2012) . First, these authors reported, using in situ hybridization and immunohistochemistry, expression of Robo2 and barely detectable Robo1 in the VZ at E12.5. Using the same techniques, we did observe Robo1 expression in cells lining the telencephalic ventricle at this age, but failed to localize Robo2 and Robo3 in this proliferating cell population at the same age. We can only suggest that differences in the protocols and antibodies used by the two groups could account for the different results. Second, Borrell et al. (2012) reported a decrease in the density of dividing VZ cells (apical progenitors), but an abnormal increase in basal progenitors at the early stages (E11.5 and E12.5) of corticogenesis in Robo1 Ϫ/Ϫ /Robo2 Ϫ/Ϫ mutants; these phenotypic changes were primarily due to the loss of Robo2. In contrast, using single-(Robo1, Robo2, Robo3) and double-mutants(Robo1 Ϫ/Ϫ / Robo2 Ϫ/Ϫ ), we found a significant increase in both apical and basal progenitors during early and middle stages of corticogenesis only in the absence of Robo1; analysis of Robo1 Ϫ/Ϫ /Robo2 Ϫ/Ϫ mutants showed a milder phenotype than Robo1 Ϫ/Ϫ mice. It may be suggested that the contrasting results reported by the two groups are due to differences in the genetic strains and background of the animals. It has been reported that the Robo knockout strains used in the Borrell et al. (2012) study are hypomorphs (Long et al., 2004) , whereas our stains are complete nulls (Lu et al., 2007; Andrews et al., 2008) . Further, Robo1 Ϫ/Ϫ /Robo2 Ϫ/Ϫ mutants used here were raised in a different background than those reported in the study of Borrell et al. (2012) . Importantly, our finding of increased proliferation in cortical progenitor cells in the absence of Robo1 function was further confirmed in dissociated cortical cell cultures taken from Robo1 Ϫ/Ϫ mice and wild-type littermates at E14.5 and by in utero electroporation of RNA interference and control constructs into cells in the VZ at E12.5.
Unlike earlier ages, PH-3-positive cells did not show a significant increase in Robo1-null mice at E16.5. However, the VZ was thicker in these mice compared with wild-type littermates as well as at the end of corticogenesis (E18.5) when visualized in Emx1-and Cux1-stained sections. We may venture to suggest that this could be due to delay in the onset of migration of the late generated upper-layer pyramidal neurons as demonstrated in a recent study by Gonda et al. (2013) .
In view of the increase in both apical and basal progenitors in early-and mid-corticogenesis, we hypothesized that pyramidal neuron numbers must be affected. We used markers of pyramidal neuron subtypes, and found that both upper-and lower-layer populations increased in the cortices of Robo1-null mice at E18.5. Further, the CP was thicker in these animals. Similar experiments performed on Robo2 knock-out mice at this age did not show any difference in the number and disposition of pyramidal neurons. The observations that loss of Robo1 function leads to an increase in both cortical pyramidal cells and interneurons indicates that its role in cell proliferation is at a level different from that of neuronal specification and differentiation.
The presence of larger progenitor populations in Robo1 Ϫ/Ϫ mice may be due to changes in cell cycle time or to prolonged period of proliferation. We assessed proliferative activity, defined as the S-phase fraction of actively cycling cells, by using BrdU in conjunction with Ki-67 as described by Tanaka et al. (2011) . These experiments showed no statistical differences in the length of S-phase of the cell cycle, nor in the number of progenitors exiting S-phase in mice lacking Robo1 compared with wild-type controls. However, it is possible that a small change in cell-cycle parameters could have a large effect on cell output. To test the hypothesis that cortical progenitor cells undergo a prolonged period of proliferation in Robo1 knock-out animals we used Tuj1, a marker of young neurons, and Tbr2. We found that the increase in basal progenitors in the early and middle stages of corticogenesis was accompanied by concomitant increase in young cortical neurons in Robo1, but not in Robo2, knock-out mice. This experiment clearly indicated that removal of Robo1 function results in a larger progenitor pool in the proliferative zones and, consequently, more neurons in the cortex at the end of corticogenesis. However, the presence of a larger progenitor pool in these animals may be due, at least in part, to the observed reduction in cell death in these animals. Previous studies have highlighted the importance of programmed cell death in shaping the cortex throughout development (Thomaidou et al., 1997; Haydar et al., 1999) . Alternatively, loss of Robo1 function could lead to perturbations in downstream signaling cascades (Ypsilanti et al., 2010) , which could potentially result in altered cell proliferation as observed in Robo1 Ϫ/Ϫ mice. Indeed, our microarray analysis seems to support a role for a number of proliferation and apoptotic genes in Robo signaling events during corticogenesis.
In summary, we report here that the majority of progenitor cells lining the dorsal telencephalic ventricle express Robo1, but not other members of the Robo receptor family. Absence of this receptor leads to increase in the size of progenitor pools in the developing cortex and, consequently, to increased production of pyramidal neurons during corticogenesis. The increase in progenitor pools is likely due to prolonged period of proliferation resulting in delay in the onset of migration of pyramidal neurons and altered lamination, especially of the supragranular layers. However, reduction in apoptotic cells and microglia in the early stages of corticogenesis may also contribute to the observed increase in progenitor cells. These results, together with our earlier finding of significant increase of interneurons in the cortices of Robo1 Ϫ/Ϫ mice, implicate Robo1 in the regulation of progenitor cell dynamics in the developing forebrain, and suggest that the same Robo1 signal transduction mechanisms may operate within the dorsal and ventral telencephalon during neurogenesis.
